The effect of isoscalar S-wave processes ππ → ππ, KK, ηη is considered in the analysis of data (from the ARGUS, CLEO, CUSB, Crystal Ball, Belle, BABAR collaborations) on the bottomonia decays -Υ(mS) → Υ(nS)ππ (m > n, m = 2, 3, 4, 5, n = 1, 2, 3). It is shown that the dipion mass spectra of these decays are explained by the unified mechanism related to the contribution of the multichannel ππ scattering in the final states of these reactions. Since in the analysis the multichannel ππ-scattering amplitudes did not change in comparison with the ones in our combined analysis of data on the multichannel ππ scattering and on the charmonia decays -J/ψ → φ(ππ, KK) and ψ(2S) → J/ψ(ππ) (from the Crystal Ball, DM2, Mark II, Mark III, and BES II) -the results confirm all our earlier conclusions on the scalar mesons.
Introduction
In the analysis of practically all available data on two-pion transitions of the Υ mesons from the ARGUS, CLEO, CUSB, Crystal Ball, Belle, and BABAR collaborations -Υ(mS) → Υ(nS)ππ (m > n, m = 2, 3, 4, 5, n = 1, 2, 3) -the contribution of multi-channel ππ scattering in the final-state interactions is considered. The analysis, aimed at studying the scalar mesons, is performed jointly considering the isoscalar S-wave processes ππ → ππ, KK, ηη, which are described in our approach based on analyticity and unitarity and using an uniformization procedure, and the charmonia decays -J/ψ → φ(ππ, KK), ψ(2S) → J/ψππ -from the Crystal Ball, DM2, Mark II, Mark III, and BES II collaborations. Possibility of using two-pion transitions of heavy quarkonia as a good laboratory for studying the f 0 mesons is related to the expected fact that the dipion is produced in a S-wave whereas the final quarkonium is a spectator 1 . The problem of interpretation of the scalar mesons is faraway to be solved completely 2 .
On the other hand, an explanation of the dipion mass distributions of the Υ(mS) where m > 2 contains a number of surprises, discussion of which for the Υ(3S) decays and our explanation are contained in Ref. 3 . In one's turn, the Υ(4S) and Υ(5S) are distinguished from the lower Υ-states by the fact that their masses are above the BB threshold. The dipion mass distributions of these decays have the additional mysteries, e.g. the sharp dips about 1 GeV in the two-pion transitions of these states to the basic ones. These higher states predominantly decay into pairs of the B-meson family because these modes are not suppressed by the OZI rule: the Υ(4S) decays into BB pairs form more than 96% of the total width; for the Υ(5S) these decay modes make up about 90%. The rates of decay modes of interest are (8.1 ± 0.6) × 10 −3 % and (8.6 ± 1.3) × 10 −3 % of the total width for Υ(4S) → Υ(1S)ππ and Υ(4S) → Υ(2S)ππ, respectively, and about (0.5 ÷ 0.8)% for Υ(5S) → Υ(1S, 2S, 3S)ππ (see Ref. 2) . The total widths of Υ(5S) and Υ(4S) are 110 and 20.5 MeV, respectively, and the one of the Υ(3S) is only 20.32 keV. The partial decay widths of Υ(4S) → Υ(1S, 2S)ππ are almost of the same order as the ones of the decays Υ(3S) → Υ(1S, 2S)ππ which form about (2 ÷ 4.5)% of the total Effect of the multi-channel ππ scattering in two-pion transitions of the Υ's 3
widths. The widths of decays Υ(5S) → Υ(1S, 2S, 3S)ππ are larger than the latter ones by about 2 ÷ 3 orders of magnitude. These facts might point to interesting dynamics which is responsible for the coupling of the decay Υ mesons with the final-state particles and cannot be related only to the BB transition dynamics.
We shall show that in the two-pion transitions of Υ(mS) (m = 2, 3, 4, 5) the basic mechanism which explains the characteristic shapes of dipion mass distributions is unified for the two-pion transitions both of bottomonia and charmonia, i.e., it is not related to the BB transition dynamics. It is based on our previous conclusions on the wide resonances 4,5 and is related to the interference of the contributions of multichannel ππ scattering in the final state.
We also work out the role of the individual f 0 resonances in contributing to the dipion mass distributions in the decays Υ(mS) → Υ(nS)π + π − (m > n, m = 3, 4, 5; n = 1, 2, 3). For this purpose we first discuss some results from our previous paper 4 .
The model-independent amplitudes for multichannel ππ scattering
As multichannel ππ scattering there are considered reactions ππ → ππ, KK, ηη, i.e. the three coupled channels. The 3-channel S-matrix is determined on the 8-sheeted Riemann surface. The matrix elements S ij , where i, j = 1, 2, 3 denote the channels, have right-hand cuts along the real axis of the complex s plane (s is the invariant total energy squared), starting with the channel thresholds s i (i = 1, 2, 3), and the left-hand cuts. The Riemann surface structure can be represented by taking the following uniformizing variable 6 :
with s 2 = 4m 2 K and s 3 = 4m 2 η , where we have neglected the ππ-threshold branch point and included the KK-and ηη-threshold branch-points and the left-hand branch-point at s = 0 related to the crossed channels.
Resonance representations on the Riemann surface are obtained using formulas from Ref. 6 . Analytic continuations of the S-matrix elements to all sheets are expressed in terms of those on the physical (I) sheet that have only the resonance zeros (beyond the real axis). The multichannel resonances are classified according to these resonance zeros on sheet I. In the 3-channel case there are seven types of resonances corresponding to seven possible situations when there are resonance zeros on sheet I only in S 11 -(a); S 22 -(b); S 33 -(c); S 11 and S 22 -(d); S 22 and S 33 -(e); S 11 and S 33 -(f); S 11 , S 22 and S 33 -(g). The resonance of every type is represented by a pair of complex-conjugate clusters (of poles and zeros on the Riemann surface). The S-matrix elements S ij are parameterized using the Le Couteur-Newton relations 7 . They express the S-matrix elements of all coupled processes in terms of the Jost determinant d(
which is a real analytic function with the only branch points at √ s − s i = 0. The S-matrix elements are taken as the products S = S B S res ; the main (model-independent) contribution of resonances, given by the pole clusters, is included in the resonance part S res ; possible remaining small (model-dependent) contributions of resonances and the influence of channels which are not taken explicitly into account in the uniformizing variable are included in the background part S B . The d res (w)-function for the resonance part, which now is free from any branch points, is taken as
where M is the number of resonance zeros. For the background part we have
with
where s σ is the σσ threshold, s v the combined threshold of the ηη ′ , ρρ, ωω channels. The resonance zeros w r and the background parameters were fixed by fitting to the data on ππ → ππ, KK, ηη and the charmonium decay processes -J/ψ → φ(ππ, KK), ψ(2S) → J/ψππ 4 .
The preferred scenario found is when the f 0 (500) is described by the cluster of type (a); the f 0 (1370), f 0 (1500) and f 0 (1710) with type (c); and f Let us indicate some important conclusions from the fact of obtaining the small (zero for the elastic region) values of the ππ-scattering background parameters derived after allowing for the left-hand branch-point at s = 0: 1) The confirmation of our assumption S = S B S res .
2) The indication that the representation of multichannel resonances by the pole clusters on the uniformization plane is good and quite sufficient.
3) The indication that the consideration of the left-hand branch-point at s = 0 in the uniformizing variable partly solves a problem of some approaches (see, e.g., Ref. 8) where the wide-resonance parameters are strongly controlled by the non-resonant background. 4) Since the contribution to the ππ scattering amplitude from the crossed channels is given by allowing for the left-hand branch-point at s = 0 in the uniformizing variable and the meson-exchange contributions in the left-hand cuts, the zero background in the elastic-scattering region obtained in the 3-channel analysis of the processes ππ → ππ, KK, ηη indicates that the ρ-and f 0 (500)-meson exchange contributions in the left-hand cut practically cancel each other. One can show allowing for gauge invariance that the vector-and scalar-meson exchanges contribute with opposite signs. Therefore, the practically zero background in ππ scattering is an additional confirmation that the f 0 (500), observed in the analysis as the pole cluster of type a, is indeed a particle (though very wide), not some dynamically formed resonance. 5) Finally, a reasonable and simple description of the background should be a criterion for the correctness of the approach.
Generally, wide multi-channel states are most adequately represented by pole clusters, because the pole clusters give the main model-independent effect of resonances. As to such parameters of the wide multi-channel states, as masses, total widths and coupling constants with channels, they should be calculated using the poles on sheets II, IV and VIII, because only on these sheets the analytic continuations have the forms: ∝ 1/S I 11 , ∝ 1/S I 22 and ∝ 1/S I 33 , respectively, i.e., the pole positions of resonances are at the same points of the complex-energy plane, as the resonance zeros on the physical sheet, and are not shifted due to the coupling of channels. E.g., if the resonance part of amplitude is taken as
, for the mass and total width, one obtains m res = E 2 r + (Γ r /2) 2 and Γ tot = Γ r , where the pole position √ s r = E r −iΓ r /2 must be taken on sheets II, IV, VIII, depending on the resonance classification. In Table 1 we show the obtained masses and total widths of the f 0 resonances 4 . We further investigated the role of the individual f 0 resonances in contributing to the shape of the di-meson mass distributions in the bottomonia decays. It is reasonable to switch off only those resonances [f 0 (500), f 0 (1370), f 0 (1500) and f 0 (1710)], removal of which can be somehow compensated by correcting the background to have the more-or-less acceptable description of the multi-channel ππ scattering. First, when leaving out before-mentioned resonances, a minimal set of the f 0 mesons consisting of the f 0 (500), f 0 (980), and f The used formalism for calculating the di-meson mass distributions in the Υ(mS) decays is analogous to the one proposed in Ref. 1 for the decays J/ψ → φ(ππ, KK) and V ′ → V ππ (V = ψ, Υ). I.e., it was assumed that the pion pairs in the final state have zero isospin and spin. Only these pairs of pions undergo final state interactions whereas the final Υ(nS) meson (n < m) acts as a spectator. The amplitudes for the decays Υ(mS) → Υ(nS)ππ (m > n, m = 2, 3, 4, 5, n = 1, 2, 3) include the scattering amplitudes T ij (i, j = 1 − ππ, 2 − KK) as follows
where indices m and n correspond to Υ(mS) and Υ(nS), respectively. The free parameters ρ 0 mn , ρ 1 mn , ω 0 mn , and ω 1 mn depend on the couplings of the Υ(mS) to the channels ππ and KK. The model-independent amplitudes T ij are expressed through the S-matrix elements shown in the previous section as
where ρ i = 1 − s i /s and s i is the reaction threshold. The expressions for the dipion mass distributions in the decay Υ(mS) → Υ(nS)ππ are
where λ(x, y, z) = x 2 +y 2 +z 2 −2xy−2yz−2xz is the Källen function. The normalization N is determined by a fit to the specific experiment: for Υ(2S) → Υ(1S)π + π − , 4.3439 for ARGUS 9 , 2.1776 for CLEO (84) The parameters for the decays of charmonia in this combined analysis did not change in comparison with our analysis without the data on bottomonia decays and can be found in Ref. 4 .
A satisfactory combined description of all considered processes is obtained with a total χ 2 /ndf = 804.677/(714 − 94) ≈ 1.30; for ππ scattering, χ 2 /ndf ≈ 1.15; for ππ → KK, χ 2 /ndf ≈ 1.65; for ππ → ηη, χ 2 /ndp ≈ 0.87; for the de-
Here "ndp" is the number of data points.
In Fig. 1 we show the fits (solid lines) to the experimental data on the decays of bottomonia -Υ(mS) → Υ(nS)ππ (m > n, m = 3, 4, 5, n = 1, 2, 3). In these figures the dotted and dashed lines correspond to allowing for the contributions of the f 0 (500), f 0 (980), and f ′ 0 (1500) and of the f 0 (980) and f ′ 0 (1500), respectively, and the other f 0 resonances switched off. The combined analysis including decay data on J/ψ → φ(ππ, KK) and ψ(2S) → J/ψππ from the Mark III, DM2, BES II, Mark II and Crystal Ball collaborations (see corresponding references also in Ref. 4 ) was found to be important for getting unique solutions to the f 0 -meson parameters: first, we solved the ambiguity in the parameters of the f 0 (500) 6 in favour of the wider state; second, the parameters of the other f 0 mesons had small corrections 4 .
A further addition of decay data on Υ(mS) → Υ(nS)ππ (m > n, m = 2, 3, 4, 5, n = 1, 2, 3) from the ARGUS, Crystal Ball, CLEO, CUSB, DM2, Mark II, Mark III, BES II, BABAR, and Belle collaborations in a combined analysis did not add any new constraints on the f 0 mesons, thus confirming the previous conclusions about these states 4 .
On the other hand, the analysis resulted in an interesting explanation of unexpected (and even enigmatic) behavior of the dipion spectra in the decays + π − transition. Obviously, this shape of the dipion mass distributions is explained by the interference between the ππ-scattering and KK → ππ contributions to the final states of these decays -by the constructive interference in the near-ππ-threshold region and by a destructive one in the dip regions. Whereas the data on Υ(5S) → Υ(1S)π + π − confirm the sharp dips near 1 GeV, the scarce data on Υ(4S) → Υ(1S)π + π − do not allow for such a unique conclusion yet. In turn, the consideration of the role of the individual f 0 resonances in making up the shape of the dipion mass distributions in these decays led to a number of interesting results. First, there are confirmed surely the sharp dips near 1 GeV in the dipion mass spectrum of the decay Υ(4S) → Υ(1S)π + π − . Furthermore, it is seen that these sharp dips in the Υ(4S, 5S) decays are related to the f 0 (500) contribution in the interfering amplitudes of ππ scattering and the KK → ππ process. Second, one should also note the unexpected considerable contribution of the f 0 (1370) to the bell-shaped form in the near-ππ-threshold region, especially in the decays Υ(3S) → Υ(1S)(π + π − , π 0 π 0 ) and Υ(4S) → Υ(2S)π + π − . This is interesting because the f 0 (1370) is predominantly the ss state according to the earlier analysis 4 and practically does not contribute to the ππ-scattering amplitude. However, this state influences noticeably the KK scattering; e.g., it was shown that the KK-scattering length is very sensitive to whether this state exists or not 17 . Interference of the contributions of the ππ-scattering and analytically-continued KK → ππ amplitudes leads to the bell-shaped form of the dipion spectrum of decays Υ(mS) (m = 3, 4, 5), which is observed in the near-ππ-threshold region.
Summary
We performed a combined analysis of data on isoscalar S-wave processes ππ → ππ, KK, ηη, on the decays of the charmonia -J/ψ → φ(ππ, KK), ψ(2S) → J/ψ ππ -and of the bottomonia -Υ(mS) → Υ(nS)ππ (m > n, m = 2, 3, 4, 5, n = 1, 2, 3) from the ARGUS, Crystal Ball, CLEO, CUSB, DM2, Mark II, Mark III, BES II, BABAR, and Belle collaborations.
It was shown that the dipion mass distributions in the two-pion transitions both of charmonia and bottomonia are explained by a unified mechanism related to contributions of the ππ and KK coupled channels and their interference. The role of the individual f 0 resonances in making up the shape of the dipion mass distributions in these decays was considered. It is shown that in the final states of these decays (except ππ scattering) the contribution of coupled processes, e.g., KK → ππ, is important even if these processes are energetically forbidden. This is in accordance with our previous conclusions on the wide resonances 4 : If a wide resonance cannot decay into a channel which opens above its mass but the resonance is strongly connected with this channel (e.g. the f 0 (500) and the KK channel), one should consider this resonance as a multi-channel state with allowing for the indicated channel and performing the combined analysis of the considered and coupled channels.
When describing the bottomonia decays, we did not change the resonance parameters in comparison with the ones obtained in the combined analysis of the processes ππ → ππ, KK, ηη, and charmonia decays 4 . Thus, the results of the analysis confirmed all of our earlier conclusions on the scalar mesons 4 .
